A brief review of searches for η-mesic nuclei is presented with emphasis on photoreactions. Results of a new experiment done at the LPI electron synchrotron are reported. They are as follows.
Introduction: η-mesic nuclei η-mesic nuclei, i.e. nuclear systems η A having the η-meson bound in a nuclear orbit by strong interaction with A nucleons, have been predicted long ago [1, 2] -soon after recognizing the attractive character of the ηN interaction at low energies [3] . Observations and investigations of these exotic systems would be very valuable for understanding meson-baryon interactions in free space and in nuclei and for studies of properties of hadrons in the dense nuclear matter. The η-meson, together with pions and kaons, belongs to the SU(3) octet of pseudoscalar mesons and has, therefore, a similarspace structure. In contrast to the pion, however, the pseudoscalar coupling of η to the nucleon is empirically rather small [4] . Nevertheless the amplitude of ηN swave scattering is not as small as that for πN scattering because of the contribution of the s-wave resonance S 11 (1535) which is actually a chiral partner of the nucleon -the lowest lying baryon with the opposite parity to the nucleon. This resonance has the mass slightly above the ηN threshold, m η + m N = 1486 MeV, and owing to its very strong coupling to the ηN channel [with the branching ratio Br (S 11 (1535) → ηN) ≃ 55%] strongly enhances all interactions in this channel. A nice illustration of this feature is provided by Mainz data [5] on the total cross section of η photoproduction off protons. A huge near-threshold enhancement shown in Fig. 1 is just a manifestation of the S 11 (1535) resonance excited in the reaction γ p → S 11 (1535) → η p.
The S 11 (1535) resonance strongly contributes to the low-energy ηN scattering and, in particular, makes the threshold value of the ηN scattering amplitude (i.e. the ηN scattering length a ηN ) positive. In the framework of a dynamical resonance model for the coupled channels πN, ηN and ππN, Bhalerao and Liu [3] found a ηN = 0.28 + i 0.19 fm.
(
The positive value of Re a ηN means an effective attraction between η and N, so that one can expect that several nucleons could jointly bind η to a nuclear orbit. The first-order static-limit on-shell optical potential of η in the nuclear matter at zero energy E kin η = 0 is equal to U (r) = −2π a ηN ρ(r)
what gives [together with Eq. (1)] U = −34 − i 23 MeV at normal nuclear matter density ρ = ρ 0 = 0.17 fm −3 . The imaginary part of the potential describes a local absorption rate Γ = −2 ImU of η in the nuclear substance.
With the above strength of the ηA potential, η-mesic nuclei η A are expected to exist for all A ≥ 10 [6, 7] . Actually, due to a sharp (cusp) energy dependence of the ηN scattering amplitude near threshold, Fermi motion of nucleons and η reduces the optical potential [especially its imaginary part], and this makes η-mesic nuclei to exist only for A ≥ 12. For binding energies and widths of the lightest η-mesic nuclei Haider and Liu predicted [6, 7] E η = −1.19 MeV, Γ η = 7.34 MeV for 
Note, however, that a stronger ηN scattering amplitude was inferred in some other analyses. For example, using a K-matrix model for coupled channels πN, ηN, γN and ππN, Green and Wycech [8, 9] found from fit to available data
With such a big strength of ηN interaction lighter η-mesic nuclei could also exist.
As an example of different predictions for binding energies and widths of η-mesic nuclei we mention very elaborated calculations [10 -12] , in which a model for meson-baryon interaction with dynamically generated resonances was build using a unitarized chiral perturbation theory for coupled channels πN, ηN, KΛ, KΣ and ππN and then self-energies of all the particles in the nuclear matter were evaluated consistently. This approach leads to the ηN scattering length a ηN = 0.264 + i 0.245 fm close to that obtained in Eq. (1) . The resulting ηA potential is, however, found stronger owing to nonlinear dressing effects: U = −54 − i 29 MeV at normal nuclear density. Also stronger are η-meson bindings found in [12] :
Bindings with equally large widths arise also in calculations [13 -15] that use a chiral doublet model and treat ηA and S 11 (1535)A attraction as a result of partial restoration of chiral symmetry in the dense nuclear matter leading to reduction of the S 11 (1535)−N mass gap. It is clear that experimental data on energies and widths of η-mesic nuclei are needed to test these and many other models and calculations.
Signature for eta-mesic nuclei produced in photoreactions
A mechanism of η-mesic nuclei formation and decay in the photoreaction
is shown in Fig. 2a . A fast nucleon N ′ ejected forward at the first stage of the reaction, i.e. in the subprocess
escapes the nucleus, whereas a slow η is captured by remaining A − 1 nucleons to a bound state. At E γ ∼ 800−900 MeV, a minimal momentum transfer to η in the reaction (7) is not large (less than 70 MeV/c). That is why the total cross section of η-mesic nuclei formation off light nuclei (like carbon or oxygen implied in the following) turns out to be a few µb [16 -21] , i.e. ≃ 2−7% of the total cross section σ η γA of inclusive η photoproduction, with the exact value strongly dependent on the assumed strength of the optical potential U . Energies E[ η (A − 1)] of the produced η-mesic nuclei can, in principle, be determined through missing mass measurements in the reaction (γ, p) using tagged photons γ and a magnetic spectrometer for N ′ = p. Indirectly, the same energy
can also be found from the observed energy of a correlated back-to-back πN pair produced at the second stage of the reaction (6) where the captured η meson annihilates through the subprocess
The energy excitation of (A − 2) in (8) is not a fixed value. It rather depends on whether an s-shell or p-shell nucleon N is knocked out in the process (9) . Therefore a distribution of the experimental observable E πN has appropriately a bigger width than the width of the η-mesic nucleus. Neglecting binding and Fermi motion of nucleons and η, we have the following kinematical characteristics of the ejected correlated πN pairs (as for energies, momenta and velocities):
A simple simulation that takes into account the Fermi motion of nucleons and η as well as binding of these particles reveals that fluctuations around these ideal parameters are substantial (see Fig. 3 ) [specifically, we used in this simulation the η-meson binding energy of 10 MeV with the width 25 MeV; for nucleons, we assumed a Fermi-gas distribution with binding energies distributed between 5 and 30 MeV]. In particular, the angle θ πN between the emitted pion and nucleon may not be so close to 180 • , and a subtraction of background events with θ πN = 180 • used sometimes in practice should be done cautiously. A shift of the peak down to 1486 MeV in the distribution of the total energy E πN = E π + E N seen in Fig. 3 is related with binding of both the η-meson (by 10 MeV) and the nucleon (by 15 MeV). 
Figure 4: Spectral density of E η in a model with a rectangular-well attractive optical potential U that approximately simulates the η-mesic nucleus 12 η C [22] . The chosen potential was so strong that it bounded η both in the s and p-wave states. When the attractive potential is turned on, a pronounced peak (peaks) in the spectral density emerges at subthreshold resonance energy (energies).
Notice that πN pairs with the characteristics (10) do not necessary originate from η-mesic nuclei decays. They can also be produced by slow etas in a background nonresonance process shown in Fig. 2b . The resonance and nonresonance processes correspond to a resonance (Breit-Wigner) and nonresonance part of the full propagator [i.e. the Green function G(r r r 1 , r r r 2 ; E η )] of the η-meson moving in the optical potential U (r). Jointly, these parts generate a complicated spectrum of E η similar to that obtained in a toy model with a square-well potential [22, 23] . Shown in Fig. 4 is the spectral function in that model,
that characterizes near-threshold energy distribution of the propagated etas as well as the near-threshold energy dependence of the yield of πN pairs produced by these η. Bound states of the η-meson give pronounced peaks in the yield of the πN pairs at subthreshold energies E η . Generally, observation of a relatively narrow resonance peak in the spectrum of E η in the region E η < m η is mandatory for claiming an observation of η-mesic nuclei at all. We refer to recent works by Haider and Liu [24, 25] where a deeper and more elaborated consideration is given in relation with a recent experiment.
Since η is isoscalar, the πN pairs produced in the subprocess (9) have isospin 1 2 and hence the following isotopic contents [for η-mesic nuclei with A ≫ 1]:
From these, the channel π + n was chosen for detection in our experiment.
Previous searches for η-mesic nuclei
Searches for η-mesic nuclei began very soon after their predictions [1] followed by suggestions [2, 16 -18, 26 ] to seek these novel high-energy nuclear excitations in missing-mass experiments using the inclusive reactions (π + , p) and (γ, p).
The first two experiments have been done along this line in 1988 at Brookhaven [27] and Los Alamos [28, 29] . In both experiments, a π + beam was used and several targets (Li, C, O and Al) were examined. The inclusive (π + , p) reaction
was studied in [27] with a magnetic spectrometer, whereas the Los Alamos experiment had also an additional 4π BGO crystal ball for detecting charged paticles ejected in the subprocess (9) of η-mesic nuclei decays to πN pairs in coincidence with the forward proton p.
The Brookhaven experiment did not find a theoretically expected signal [2] -a relatively narrow peak of a predicted strength in the missing mass spectrum. The team working at Los Alamos did report a preliminary evidence for a wanted peak for the 16 O target but this report was not confirmed (published) since then.
It was recognized in the following that the above obtained negative or incomplete results do not necessarily mean that the predicted η-mesic nuclei do not exist. It was possible that the binding energies and especially the widths of the η bound states were theoretically underestimated. This point of view was supported by many-body calculations [30] taking into account some effects disregarded in the first theoretical works [1, 2] , in particular -dressing, binding and collisional decays of the S 11 (1535) resonance in the dense nuclear matter. The analysis of [30] was later extended and revised [10 -12] (in particular, dressing of mesons was also included) with the main conclusion survived that η-mesic nuclei widths are bigger than those found in [1, 2] .
The next experiment has been performed at the Lebedev Physical Institute in Moscow/Troitsk [23, 31] (see also a summary in [32] ). It was triggered [33, 34] by a suggestion [35] to seek η-mesic nuclei through observing decay products of η-mesic nuclei, namely two correlated back-to-back particles, a pion and a nucleon, ejected in the process of annihilation of captured η-mesons in the nucleus, Eq. (9). It was hoped that a background for the two very energetic particles (the pion and the nucleon) ejected in decays of η-mesic nuclei transversely to the beam would be lower than that for ejection of forward protons in the inclusive processes. Besides, it was hoped that background conditions in photon-induced reactions would be generally better than those in pion-induced ones.
Studies of the reaction
done in the middle of 1990's at the LPI electron synchrotron indeed showed a signal of an enhanced production of the correlated back-to-back π + n pairs ejected transversely to the photon beam when the photon energy exceeded the η-meson photoproduction threshold. Energy resolution of the experimental setup was, however, not sufficient to resolve a peak similar to that shown in Fig. 4 and to determine whether the observed correlated pairs were produced by bound or unbound intermediate etas.
After the works [23, 31] gaining and using information on the decay products became mandatory for experiment planning and data analysis in all further searches for η-mesic nuclei.
In 2004 an evidence for the η-mesic nucleus 3 η He formed in the reaction
has been reported from Mainz [36] . A resonance-like structure was observed in a contribution to the cross section from back-to-back π 0 p pairs found after a background subtraction. A later study [37] revealed, however, that the background has a rather complicated structure, so that the conclusions of Ref. [36] cannot be confirmed. At the moment their statement is that the existence of the η-mesic nucleus 3 η He is not yet established. One more attempt to find η-mesic nuclei by detecting their π − p decay products has recently been done at the JINR nuclotron [38] . The reaction studied was
The measured effective mass spectra of the correlated back-to-back π − p pairs show a presence of resonance-like peaks lying slightly below the threshold energy m η + m N = 1486 MeV. However, a consistent interpretation of these peaks was not yet obtained.
To date the strongest evidence for the existence of η-mesic nuclei came from the precision COSY-GEM experiment [39] . Following ideas of the work [40] borrowed in turn from previous experience in studying deeply-bound pionic states in nuclei, the reaction
of a recoilless formation of the η-mesic nuclei 25 η Mg was explored and the mass of this η-mesic nucleus was determined through precision missing-mass measurements in (p, 3 He). A clear peak was found in the missing mass spectrum that corresponds to the binding energy −13.13 ± 1.64 MeV and the width 10.22 ± 2.98 MeV of the formed η-mesic nucleus. An upper limit of ≈ 0.5 nb was found for the cross section of the η-mesic nucleus formation.
Recently Haider and Liu argued [24, 25] that the observed peak in (17) is shifted down from the genuine binding energy of η because of interference of the resonance and nonresonance mechanisms of the reaction (similar to those shown in Fig. 2 ). This very interesting effect signifies that the genuine η binding in 25 η Mg is ≈ −8 MeV with the width ≈ 19 MeV. The main novelty in our present research is exploring a new possibility for searching for η-mesic nuclei, namely through observation of their two-nucleon decay mode arising owing to the two-nucleon absorption of the captured η in the nucleus,
On the two-nucleon decay mode of η-mesic nuclei
see Fig. 5 . Ejected in this process correlated back-toback nucleons of the NN pairs have very high energies (E kin N ≃ 1 2 m η = 274 MeV) and momenta (p N ≃ 770 MeV/c), so that they are to be visible (especially in coincidence) at the background of other particles emitted in photoreactions at E γ ∼ 800 MeV and thus should provide a bright signature for the η-mesic nucleus formation.
The NN pair production in decays of η in the nuclear matter was considered among other channels by Chiang, Oset and Liu [30] in terms of the selfenergy of S 11 (1535) that includes a contribution of S 11 (1535)N → NN. A more direct and rather transparent evaluation of this process has been done by Kulpa and Wycech [41] who used available experimental data on the inverse reactions pp → ppη, pn → pnη and pn → dη and then converted them into the rate of (18) . In terms of the imaginary part W NN of the optical potential U , this rate was found to be proportional to ρ 2 , being W NN = 3.4 MeV at central nuclear density. This is only about 15% of W N ∼ 23 MeV related with the absorption of η by one nucleon. Nevertheless such a small fraction of NN can be quite visible experimentally because of a specific isotopic contents of the πN and NN pairs.
The matter is that 90% of these NN pairs are proton plus neutron because the cross section of pp → ppη (and nn → nnη) is by order or magnitude less than that of pn → pnη (plus pn → dη), see Fig. 6 where pertinent Uppsala-Celsius [42 -45] and COSY [46, 47] data are shown (and see also, e.g., [48] for theoretical explanations). This difference can be traced to isospin factors and Fermi statistics signs in the dominating pion-exchange mechanism of the reaction NN → NNη shown in Fig. 7 . If the experimental setup detects one charged and one neutral particle from the pairs, it detects ∼ 90% of NN and only ∼ 33% of πN. Then count rates of the setup would not be so different for pn and π + n pairs. That seems to be exactly what we see in our experiment.
Neglecting binding effects and effects of Fermi motion of nucleons and η, we have the following kinematical characteristics of the correlated NN pairs (i.e. energies, momenta, velocities) ejected in η-mesic nuclei decays:
Actually, the Fermi motion and binding leads to fluctuations around these ideal parameters as a simple simulation reveals, see Fig. 8 . Note that the angular correlation in the NN pairs is stronger than that in the πN pairs -owing to higher momenta of particles in NN.
The first studies of the photoreaction
have recently been done at the LPI synchrotron and we report below on the obtained results.
Experimental setup at LPI Figure 9 : Layout of the experimental setup at LPI.
Our experiment was performed at the bremsstrahlung photon beam of the 1.2-GeV electron synchrotron of the Lebedev Physical Institute. Photons were produced with an electron beam of intensity I e ≃ 10 12 s −1 and the duty factor ≃ 10%. The energy of the beam was usually E e = E γ max = 850 MeV (i.e. above the η photoproduction threshold off free nucleons, E η thr = 708 MeV); additional measurements of subthreshold backgrounds have been done at E e = E γ max = 650 MeV.
The experimental setup included two time-of-flight arms (two scintillation telescopes -C and N arms) for detecting in coincidence charged and neutral particles (back-to-back pairs), see Fig. 9 . These arms were both positioned at 90 • −90 • with respect to the beam axis in order to minimize background.
The C-arm used for detection of charged particles is a plastic TOF spectrometer for charged pions and protons. It consists of a start detector T1 (20 × 20 × 2 cm 3 ), a stop detector T2 (50 × 50 × 5 cm 3 ) and three energy losses detectors ∆E 1 , ∆E 2 and ∆E 3 (40 × 40 × 2 cm 3 each). A 4 mm lead (Pb) plate was used in some runs for TOF calibrations with ultrarelativistic electrons/positrons produced in the lead plate with high-energy photons emitted from the target owing to production and decays of neutral pions.
The N-arm is a plastic TOF spectrometer for neutrons. It consists of a veto counter A (50 × 50 × 2 cm 3 ) and four plastic blocks -the neutron detectors N1, N2, N3 and N4 (50 × 50 × 10 cm 3 each). Again, a 4 mm lead plate was used in some runs for TOF calibrations. The efficiency of the N-arm for neutrons of energies above 50 MeV was ≈ 30%.
In both arms each volume of scintillator counters/blocks was viewed from corners with 4 phototubes. The time-of-flight bases in the C and N arms were 1.4 m and the time resolution was ≃ 200 ps (1σ ). The target was a carbon cylinder of the 10 cm length along the beam axis. Its diameter was 4 cm, i.e. slightly more than the diameter of the collimated photon beam (3 cm). The distance between the target and the start detector T1 was 0.7 m.
Mostly, the setup was the same as in our previous work [31, 32] but a few useful changes have been made:
• ∆E i detectors have been placed after the time-of-flight interval T1-T2. This enabled us to have a better π ± /p separation and time resolution.
• A transverse size of the start detector T1 was cut off according to required geometry. This reduced a background load of the C-arm.
• A thickness of the start detector was also reduced in order to improve time resolution.
• All unnecessary layers of absorbers used previously to suppress radiative backgrounds have been removed from the time-of-flight interval, with the effect of reducing the e + /e − background created by photons from π 0 decays. General tests of the setup, including preliminary time calibrations of the arms, have been done in special runs, in which the quasifree reaction γ p → π + n inside carbon nuclei was observed. In such runs the two arms of the setup have been moved to the angles 50 • −50 • where the high count rate enabled one to do the calibrations quickly. Lead convertors used in these runs provided reliable ultrarelativistic reference points β = 1 for particle's velocities β C and β N measured in the C-and N-arms. A two-dimensional β C −β N plot on Fig. 10 illustrates this procedure.
The calibration done provided a linear scale of velocities in the range β = 0.6−1 with errors of about 3% (1σ ). We have checked the linearity of the scale by using cosmic rays and setting different distances between detectors. For further off-line analysis events were selected with an additional condition of sufficiently long ranges of the charged particles,
Results and comparison with simulations
with experimentally adjusted thresholds E thr i . In this way low-energy particles in the C-arm were rejected.
A two-dimensional histogram in the variables ∆E−β C , where ∆E is the minimal energy loss in the ∆E i detectors,
is shown in Fig. 11 for the beam energy E γ max = 850 MeV. Results of simulations using the Intra Nuclear Cascade (INC) model [49] in the GEANT-3 framework are shown in Fig. 12 for comparison. The INC model takes into account production of various mesons and baryon resonances, their free propagation in the nuclear matter, and then various 2 → 2 collisional reactions including ηN → πN. This model successfully describes many photoreactions in wide kinematical ranges as was demonstrated, beyond [49] , in simulations of the GRAAL experiment at energies 500-1500
MeV [50] . Binding effects for η and reactions like ηNN → NN were not included into the model, so one can try to find effects arising due to formation and decay of η-mesic nuclei through characteristic deviations of the model predictions from the experimental data. The simulation shows that the selection (21) of particles with sufficiently long ranges distinguishes very well protons (as particles with β C ≤ 0.7) and pions (as particles with β C ≥ 0.7): the overlap is less than 1%. Considering one-dimensional spectra over β C of events selected according to the condition (21) of sufficiently long ranges and imposing the additional cut-off 0.3 < β N < 0.7 for neutron velocities, we find rather interesting structures in the spectra. Shown in Fig. 13 are experimental data (blue areas) together with results of the INC simulation (pink hatched areas). Separately shown are INC predictions for the number of protons and charged pions in the C-arm. There is a qualitative agreement of the INC simulation with the experimental data for the case of the subthreshold beam energy, E e = 650 MeV. Meanwhile, in the case of E e = 850 MeV there is a clear excess of the experimentally observed events over the simulation results in two velocity regions closely corresponding to the kinematics of η-mesic nuclei decays with emission of πN and NN correlated pairs, Eqs. (10) and (19) .
Knowing from the INC simulations that the "normal" (without η-mesic nuclei) dynamics of the considered reaction does not yield a sufficient amount of protons and pions with the velocities of about β C ∼ 0.7, we interpret the found anomaly at β C ∼ 0.7 as a result of production of low-energy η-mesons followed by their two-nucleon annihilation.
The energy resolution of the experimental setup is not sufficient to say whether an essential part of these η-mesons is produced in the bound state, but theoretical arguments discussed in above make such a statement plausible.
Concerning the excess of pions with β C ≃ 0.95, this feature is in agreement with our measurements reported earlier [23, 31, 32] . It can be interpreted as an evidence for one-nucleon annihilation of produced low-energy η-mesons (bound or unbound).
Electron/positron peaks shown in Fig. 13 originate from calibration runs with the lead plate inserted. They were not included into simulations made. The observed proton peak in the β C distribution is very unusual because it corresponds to pn pairs with very high kinetic energies T p ∼ T n ∼ 200−300 MeV and transverse momenta p p ∼ p n ∼ 400−800 MeV/c. One should keep in mind that photons which produce such pairs have quite a modest energy 650 MeV < E γ < 850 MeV. Ordinary photoproduction reactions do not give nucleons with such a high energy and momentum. Creation and annihilation of intermediate low-energy η-mesons seems to be the only explanation to these events.
Assuming that the observed access events are mainly related with formation and isotropic decays of η-mesic nuclei with A = 11, we can estimate their photoproduction cross section. The number of photons of the energies E γ = 650−850 MeV that hit the carbon target in experimental runs was evaluated via comparison of the total yield of charged pions detected by a single C-arm of the setup with predictions of INC for that yield, thus giving the result N γ ≃ 1.36 × 10 11 . Taking into account the solid angle of the C-arm telescope (Ω C = 0.027 sr), efficiencies of detectors, a geometric efficiency of the N-arm of the setup (∼ 18% as found from theoretically expected angular distributions of particles of the correlated pairs), we arrived at the following cross section of η-mesic nucleus formation:
We write it as an upper limit because part of the observed events can be related with unbound etas. This number is consistent with available theoretical estimates (typically, a few µb).
Conclusions
The new obtained data confirm the main features of the πN signal of formation and decay of η-mesic nuclei off the carbon target in the photoreaction found in our previous work.
A new signature for formation and decay of η-mesic nuclei, the back-to-back pn pairs, was explored. For the first time an experimental evidence was found that the yield of such pairs in the region of β C ∼ 0.6−0.7 is quite large and therefore is also suitable for searching for η-mesic nuclei.
Assuming that the observed excess of events is related with η-mesic nuclei, an estimate of the total cross section of formation of η-nuclei in the photoreaction off carbon have been obtained, see Eq. (23) .
We have plans to carry out a more precise experiment, with a better energy resolution, at the deuteron beam of the JINR nuclotron.
